Bimolecular fluorescence complementation (BiFC) has been widely used in the analysis of protein -protein interactions (PPIs) in recent years. There are many notable advantages of BiFC such as convenience and direct visualization of PPI in cells. However, BiFC has one common limitation: the separated non-fluorescent fragments can be spontaneously self-assembled into an intact protein, which leads to false-positive results. In this study, a pair of complementary fragments (sfGFPN and sfGFPC) was constructed by splitting superfolder GFP (sfGFP) between the 214 and 215 amino acid residue, and sfGFPC was mutated by site-directed gene mutagenesis to decrease the signal of negative control. Our results showed that mutations in sfGFPC (sfGFPC(m12)) can effectively decrease the signal of negative control. Thus, we provide an improved BiFC tool for the analysis of PPI. Further, since the self-assembly problem is a common shortcoming for application of BiFC, our research provides a feasible strategy for other BiFC candidate proteins with the same problem.
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Introduction
Networks of protein-protein interactions (PPI) are the foundation of signal pathways in cells. Cell homeostasis, agitation, and physiological functions depend largely on the regulation of PPI networks. Detecting these interactions and identifying their physiological functions are hotspots in biology and medicine [1, 2] . Furthermore, regulating specific PPI by the molecular biology method has provided a novel therapeutic possibility for diseases [3] .
There are various methods available for the analysis of PPI in vitro. Many of these methods require purification of proteins from their native environments [4] , because only in the native and normal cell physiological environments can we gain the precise spatial and real-time information of PPI. It is important to develop methods for the analysis of PPI in vivo. These methods include fluorescence resonance energy-transfer [5] , bimolecular fluorescence complementation (BiFC) [6, 7] , fluorescence cross-correlation spectroscopy [8] , etc. Among these methods, BiFC has been proved to be a versatile and simple non-invasive technology to investigate PPI in cells [9, 10] , and has been used to study the interactions among a wide range of proteins in many cell types and organisms [4] .
BiFC belongs to protein complementation assays, which include split-green fluorescent protein (GFP) [6] , splitlactamase [11] , split-luciferase [12] , etc. The strategy of BiFC is to split fluorescent protein into two complementary non-fluorescent fragments by molecular engineering at the proper site [13] [14] [15] . When these fragments are fused by the proteins that interact with each other, the efficiency of the formation of fluorescent complex is greatly increased. Up to now, cyan, green, yellow, and red fluorescent proteins have been applied for BiFC to analyze different protein interactions [13, 16, 17] .
When appropriate controls are performed, BiFC has been proved to be a reliable tool for the detection of protein interactions in living cells [18] . However, the signal of negative control is high in some PPI assays, which will cause false-positive results. The possible reason is that most separated fluorescent halves still have intrinsic affinity, leading to spontaneously self-assembly without specific interaction [19] [20] [21] . Owing to this limitation, BiFC's high sensitivity, spatiotemporal resolution, and accuracy are challenged. Recently, we and other groups have improved BiFC assays based on Venus protein by site-directed gene mutagenesis [22, 23] . However, these improved BiFC assays did not work well in the analysis of some PPIs [22, 23] . Improvement is required so that BiFC can be applied in a wide range of situations. Here we constructed a BiFC based on splitting superfolder GFP (sfGFP). Furthermore, site-directed gene mutagenesis was applied on sfGFPC to decrease the signal of negative control.
Materials and Methods

Plasmid construction
The sfGFP was split between the 214 and 215 amino acid residue. (2)] was generated with oligonucleotides Venus03n and Venus04c. Bak(þ) and Bak (2) were ligated into sfGFPN-Zipper with restriction enzyme sites BspEI and XbaI. The BH3 peptide of Beclin 1 that interacted with Bcl-2 [GTMENLSRRLKVTGDLFDIMSG, Beclin(þ)] was generated with oligonucleotides Fold-09n, Fold-10c, Fold-11n, Fold-12c, and Fold-13n. The mutant BH3 peptide of Beclin 1 that failed to interact with Bcl-2 [GTMENLSRREKVTEDLFDIMSG, Beclin(2)] was generated with oligonucleotides Fold-14n, Fold-15c, Fold-16n, and Fold-17c by site-directed mutagenesis PCR [22] . In addition, to make sure the expression of the fragment would not be decreased by mutation, His and Myc tags were generated by annealing oligonucleotides His_F/His_R and Myc_F/Myc_R with restriction enzyme sites EcoRI and NotI, respectively.
Site-directed mutagenesis of sfGFPC sfGFPC was mutated using the Muta-direct TM mutation kit (SBSGenetech, Beijing, China) with a complementary oligonucleotides list in Supplementary Table 2 . The PCR mixture included 5 U Muta-direct Enzyme, 2.5 ml of 10Â reaction buffer, 10 ng of sfGFPC-Bcl-xL plasmid, 100 ng of sense and anti-sense oligonucleotides, and 2 ml of dNTPs (2.5 mM). PCR cycling conditions were as follows: 948C for 30 s denaturalization, 30 cycles of 948C for 30 s, 608C for 1 min, 728C for 12 min, and final extension reaction at 728C for 10 min. After the PCR, 50 ml of the PCR fragments were digested with Muta Enzyme at 378C for 1 h. Then 5 ml of the PCR fragments were transformed into Escherichia coli Top10 to prepare mutated plasmids. Mutated sfGFPC-Bcl-xL plasmids were verified by DNA sequencing.
Cell culture and transfection HeLa cells were maintained in a humidified incubator at 378C with 5% CO 2 and grown in Dulbecco's modified Eagle's medium (DMEM, Hyclone, Logan, USA) containing 10% fetal calf serum. Cells were plated into 24-well tissue culture plates. After the density of cells reached 70%, cells were transiently transfected with sfGFP BiFC plasmids and blue fluorescent protein (BFP) plasmids using PEI transfection reagent (Vigorous Biotechnology, Beijing, China). The dosage of sfGFPN and sfGFPC plasmids was 300 ng, respectively, and that of BFP control plasmid was 400 ng. The final relative average intensity of specific mutants was the ratio between the fluorescent intensity of GFP and BFP in cells.
Western blot analysis
To confirm the expression of sfGFPN and sfGFPC mutations, fragments of BiFC were linked with the His and Myc tag, and then transfected into cells as indicated. Twenty-four hours after transfection, cells were harvested ( 10 6 for each sample). Four wells of 24-well-plate cells were used for western blot analysis. The antibodies for the assay were anti-c-Myc mAb (1:200 dilution), anti-His mAb (1:1000 dilution), anti-b-actin mAb (1:1000 dilution), and goat anti-mouse IgG (1:4000 dilution).
Results
A class of BiFC candidate proteins were originated from GFP variants [6] . Superfolder GFP (sfGFP) was generated from a robustly folded version of GFP. It folded well even when fused to poorly folded polypeptides [17] . We chose the site between the 214 and 215 amino acid residue as a breakpoint to separate sfGFP into two complementary fragments (sfGFPN and sfGFPC). According to its tertiary structure (PDB accession no. 2q6p), sfGFPN includes the first 10 b-strands of the protein, while sfGFPC includes the last b-strand (Fig. 1) . sfGFPN and sfGFPC have a strong ability to self-assemble into an intact fluorescent protein [18] , which will lead to high background fluorescence and false-positive results. However, the advantage of this splitting strategy is to narrow the scope of mutation sites.
To find a mutant with reduced background and few false-positive results, a series of sfGFPC mutants with point mutations were generated and their effects on the fluorescence of both the positive and the negative controls were tested. The BH3 peptide of Bak [Bak(þ), GQVGRQLAIIGDDINR] that interacted with the protein Bcl-xL (K d of 0.2 mM) was used as the positive control (Fig. 1) , while the BH3 mutant peptide of Bak [Bak (2) , QLAIIGDDINR] that could not interact with Bcl-xL was used as the negative control. Bcl-xL was fused to the downstream of sfGFPC (sfGFPC-Bcl-xL), while Bak(þ) or Bak(2) was fused to the downstream of sfGFPN [sfGFPN-Bak(þ) or sfGFPN -Bak(2)]. We co-transfected the wild-type or mutant plasmids encoding sfGFPCBcl-xL with plasmids encoding either sfGFPN-Bak(þ) or sfGFPN-Bak(2) into HeLa cells, respectively. As estimated, the fluorescence could be visualized in the negative control [cells with wild-type sfGFPC-Bcl-xL and sfGFPN-Bak (2)]. However, the fluorescence in the positive control [cells with wild-type sfGFPC-Bcl-xL and sfGFPN-Bak(þ)] was stronger than that in the negative control [ Fig. 2(Aa,Ab) ].
This result prompted us to decrease the background and false-positive results by site-directed gene mutagenesis on sfGFPC, since sfGFPC only included the last b-strand of sfGFP. Plasmids encoding different mutations of sfGFPCBcl-xL were co-transfected with plasmids encoding sfGFPN-Bak(þ) or sfGFPN-Bak(2), to determine key amino acid residues related to high background and falsepositive results. The difference of the fluorescence of a series of mutants was firstly obtained by a fluorescence microscope. BFP was used as a background control to compare the BiFC efficiency between wild-type sfGFPC and mutated versions. Then fluorescent images were taken and statistically analyzed by the software ImageJ 1.42.
We first mutated some hydrophobic amino acid residues in sfGFPC [ Table 1 , sfGFPC(m1) -sfGFPC(m5)]. However, these hydrophobic amino acid residues solely seemed not to be critical to decrease false-positive results ( Table 1) . Since the N-terminal of sfGFPC includes two charged amino acid residues (R215 and D216), we hypothesized that these residues would play important roles in decreasing false-positive results. We constructed sfGFPC mutants with deletions of R215 [sfGFPC(m6)] or both R215 and D216 [sfGFPC(m7)]. We observed that sfGFPC(m7) did not elicit fluorescence in both positive control and negative control ( Table 1) , while sfGFPC(m6) reduced more fluorescence of negative control than that of positive control, which would help to discriminate falsepositive results [ Table 1 and Fig. 2(Ac,Ad) ]. We then constructed a series of mutants based on sfGFPC(m6). As shown in Fig. 2(A) , sfGFPc(m12) (a deletion of R215 plus V219A L220A) [ Table 1 and Fig. 2(Ae,Af ) ] showed Table 1) . The relative fluorescence intensity of sfGFPC(m12) -Bcl-xL and sfGFPN-Bak(þ) was decreased by 45% 
Relative fluorescence intensity was analyzed by ImageJ. (2) represents no fluorescence; (þ/2) represents almost invisible fluorescence; (þ), (þþ), (þþþ), and (þþþþ) represent increasing intensities of fluorescence; (þ), the ratio between green fluorescence intensity of sfGFP BiFC and blue fluorescence intensity of BFP was 0 -0.3; (þþ), the ratio was 0.3-0.6; (þþþ), the ratio was 0.6-0.9; (þþþþ), the ratio was 0.9-1.2. RD and D indicated deletion mutation; shadow letters indicated the amino acid residue after mutation.
An improved BiFC tool based on superfolder GFP compared with the wild-type sfGFPC in the positive control, while the relative fluorescence intensity of sfGFPC(m12)-Bcl-xL and sfGFPN-Bak(2) was decreased by .90% compared with the wild-type sfGFPC in the negative control [ Fig. 2(B) ]. The fluorescence of positive control was still strong enough to be visualized under the microscope. On the contrary, the fluorescence of negative control was reduced much more significantly due to the mutation, to a level that is hardly visible under the fluorescence microscope.
Furthermore, western blot analysis showed that both wild-type and mutated sfGFPC [sfGFPC(m12)] had comparable expression levels (Fig. 3) , indicating that the decrease in fluorescence signal in the negative control was not due to the decrease in protein expression.
To further confirm whether our improved BiFC tool can be applied for the analysis of PPI, we tested another positive control [Bcl-2 and Beclin(þ)] and negative control [Bcl-2 and Beclin(2)] in sfGFP (wild type) and sfGFPc(m12). Beclin(þ)(GTMENLSRRLKVTGDLFDIMSG) is the BH3 peptide of Beclin 1 that interacts with Bcl-2, while Beclin(2)(GTMENLSRREKVTEDLFDIMSG) is the mutant BH3 peptide of Beclin 1 that fails to interact with Bcl-2. The relative fluorescence intensity of sfGFPC (m12)-Bcl-2 and sfGFPN-Beclin(þ) was decreased by 48% compared with the wild-type sfGFPC in the positive control, while the relative fluorescence intensity of sfGFPC(m12) -Bcl-2 and sfGFPN-Beclin(2) was decreased by .90% compared with the wild-type sfGFPC in the negative control [ Fig. 2(D) ]. The fluorescence of positive control in sfGFPC(m12) complex was still strong enough to be visualized under the microscope [ Fig. 2(C) ], while the fluorescence of negative control in sfGFPC(m12) complex was too weak to be visualized. Our results indicated that this improved BiFC tool can efficiently decrease false-positive results.
Discussion
Compared with other GFPs, sfGFP shows improved tolerance of circular permutation, greater resistance to chemical denaturants, and improved folding kinetics [24] . The sfGFPC originating from sfGFP is a 15 amino acid fragment, and it has a strong self-assembly ability to shape into a b-strand that cooperates with sfGFPN to form a stable fluorescent GFP [25] . Recently, Kaddoum et al. [26] developed a method to detect protein localizations based on this property. However, these results also implied a high rate of false positives in BiFC assay based on sfGFP. In this study, an improved BiFC [sfGFPN and sfGFPC(m12)] based on sfGFP was developed by site-directed gene mutagenesis to efficiently reduce false-positive results. Furthermore, since the sfGFPC tag has minimal effects on fusion protein solubility and folding [18] , sfGFPN and sfGFPC(m12) could be more suitable to analyze PPI in vivo.
Our results also suggested that both the N-terminal (R219D220) and C-terminal of sfGFPC (I229T230) were critical sites for the formation of fluorescent sfGFP. Deletions of either the N-terminal or C-terminal of sfGFPC would result in non-fluorescence. Furthermore, our experimental results showed that single point mutation of L220, E222, or V224 had minimal effects on fluorescence. Since false-positive results of BiFC may result from the spontaneously self-assembly ability of BiFC fragments, it is possible that R219, D220, I229, T230 are important for self-assembly of sfGFPN and sfGFPC, while L220, E222, V224 are less important.
In conclusion, we developed an improved BiFC based on sfGFP for PPI detection. Site-directed gene mutagenesis was applied to decrease background and false-positive results. After several mutations, we obtained sfGFPC (m12), which significantly increases the specificity of BiFC assay. Since fluorescent protein fragments are still possible to self-assemble, the specificity of BiFC assay greatly limits the application of BiFC; our mutation research will provide a feasible strategy for other BiFC candidate proteins with the same problem.
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